Many researchers are investigating systems that aim to exploit the benefits of collaborative computing technology in learning. There is, however, a surprising lack of empirical evidence on the benefits and costs associated with different modes of computer support for collaborative learning. This paper describes an experiment that compares how well 50 children (aged ten and eleven) learned to solve a small puzzle in three different learning conditions. In the first 'solo' condition, the children learned the puzzle on their own. In the second 'contention' condition, single gender pairs of children shared access to the same mouse and display. In the third 'groupware' condition, single gender pairs of children used a synchronous groupware system with a WYSIWIS (What You See Is What I See) display to mediate their collaboration around the puzzle. After learning the puzzle in one of these three 'training' conditions, all of the children solved the puzzle alone in a 'testing' condition. Results show significant reductions in solution time, number of moves, and latency between moves between the training and testing stages, assuring us that learning did take place. There was not a significant difference between the three training conditions (overall the children learnt a similar amount when trained in the three conditions). There were, however, significant interactions indicating that collaboration made solving the puzzle more difficult during training, and that girls found it harder than boys to solve the puzzle when collaborating.
INTRODUCTION
"A computer in every classroom" is a common political statement throughout the world, as is the promotion of eduction in modern technology. The hardware to support 'futuristic' visions of every school pupil having an Internet connected computer in the classroom is available now. The major problem for computer technology in schools, however, is in determining how the hardware and software can be designed and configured to yield improvements in learning.
Computers in schools remain, at present, a relatively scarce resource. Although primarily designed for single-user use (one keyboard, one mouse, and one screen), computers in schools are often used as collaborative devices with several simultaneous users. In this style of use, there is contention for input devices, and the impact of this contention has been a topic of prior research in Computer Supported Cooperative Learning (see the 'Related Work' section). To overcome the apparent limitations of contention for input devices, synchronous groupware technology can allow multiple users, each with their own computer, to simultaneously work with a shared computer-supported artifact such as a puzzle, virtual world, or interactive story. As computers in the classroom become more commonly available, it is feasible that synchronous groupware applications could be used to allow new styles of collaboration with local and remote students. Although feasible, will groupware be beneficial?
We are investigating fundamental questions about the effectiveness of computer support for collaborative learning, with a particular interest in the differences between shared use of single-user systems and shared use of synchronous groupware. The precise questions addressed in this paper are as follows:
• Do children learn problem-solving tasks better when working alone or when collaborating?
• Which hardware and software configurations for synchronous collaboration best support learning?
• Are there differences in the ways that boys and girls interact with, and collaborate around, computer systems?
Our goal is to further the concrete empirical foundations of research in Computer Supported Collaborative Learning (CSCL).
EXPERIMENTAL DESIGN
The experiment investigates the effectiveness of three different modes of computer supported collaborative learning in supporting children learning how to solve a particular puzzle 1 . The puzzle used is the 'eight-puzzle', shown in Figure 1 , which consists of a three by three grid with eight numbered pieces and one empty slot. Users work towards a particular target configuration (such as the one shown in the figure) by sliding pieces into the empty slot. In our user interface, mouse clicking any tile that is adjacent to the empty slot causes the tile to slide into the vacant position. The tile's movement is rapidly and fluidly animated, providing a clear indication of the direction of motion.
Each of the fifty participants, aged ten and eleven, was asked to solve the eight-puzzle a total of ten times, with five trials in a 'training' phase, and five trials in a 'testing' phase. Each participant was assigned to one of three collaboration conditions for the training phase, and in the testing phase all participants solved the puzzle alone using the single user version of the system. The first 'solo' training condition acts as a control, and involves using a single-user version of the puzzle. In the second 'contention' training condition, two participants shared access to the interface used in the 'solo' condition. In the third 'groupware' training condition, two participants, each with their own computer, screen and mouse, shared access to a strict-WYSIWIS (What You See Is What I See, see Stefik et al. (1988) for details) implementation of the puzzle. The only visual difference between the groupware interface and the solo one was the addition of telepointers, which reveal the location of the other user's cursor in the display. Telepointers reduce problems of 'deictic reference' in which users combine utterances such as 'should I move this, or this one' and gestural actions to identify target items (Tatar, et al., 1991) . Any action that either user made with the groupware interface was immediately shown on both users' screens: in other words, both users always saw precisely the same puzzle state, and precisely the same tile movement at any particular time. In the groupware condition, the children sat alongside each other, but in front of their own screen.
After solving the puzzle five times in the training condition, all of the subjects, regardless of their training condition, moved to the testing phase in which they solved the puzzle a further five times on their own. The interface used in the testing phase was identical to that used in the solo condition. Figure 2 summarises the difference between the three conditions used during the training phase and the one condition used during the testing phase.
1 The experimental design is similar to that described by O'Hara and Payne (1998), as described in Related Work. Switching from the three conditions used for training to the solo condition used for testing allows us to equitably compare how successfully the participants learned the puzzle during training.
Subject Details
The experiments were conducted at three primary schools in Christchurch, New Zealand. We asked the teachers to select children who were in the middle of their class (based on math scores), and to exclude gifted children, or those who might be unable to solve the puzzle.
The participants were allocated to one of the three training conditions, giving sixteen children per group, eight males and eight females (data from two subjects was discarded, as discussed in the results). We used single gender pairs because prior work indicates that mixed pairings can detrimentally affect learning (Lockheed and Hall, 1976; Yelland, 1995; Inkpen, 1995) .
All participants were shown a copy of the problem goal configuration (shown in Figure 1 ), and a large paper copy was available on their desk throughout the experiment.
Approximately five minutes at the start of each evaluation was spent introducing the puzzle and the interface to the participants. Particular care was taken in the groupware condition to ensure that the children understood the synchronous WYSIWIS properties of the interface. In the collaborative conditions (contention and groupware) we stressed the importance of talking to the partner in order to negotiate moves in the interface. Each participant's involvement in the experiment lasted approximately forty to fifty minutes.
Procedure
The target configuration of the puzzle was the same for all ten trials. The five trials in each phase each used the same starting configuration: see Figures 3(a) and 3(b) for the training and testing start configurations. The training, tesing and goal configurations are all identical to those used in the eight-puzzle experiment conducted by O'Hara and Payne (1998), discussed in Related Work. The minimal solution length for the training and testing configurations is at least seventeen moves.
In the solo condition, having solved the puzzle five times in the training phase, the subjects paused briefly, then went on to the testing phase. For the collaborative conditions, the subjects carried out the testing phase one after the other. The reason for having the participants solve the puzzle in series is that during trial runs we found that testing in parallel caused participants to feel uncomfortably pressured to complete the task as quickly as possible, as though racing their partner. To counter this effect one participant (chosen at random) was asked to play a 'snake' video game called gnibbles 2 until the other participant had finished the testing phase.
Apparatus
The computer interfaces for the solo and contention groups were identical, and were implemented in Tcl/Tk (Ousterhout, 1993) . If a participant clicked on an immovable tile, no feedback was given. When a puzzle was completed, the tiles briefly flashed green; then the participants clicked the mouse to advance to the next puzzle.
The interface in the groupware condition behaved identically to the solo and contention interface except for the addition of telepointers. It was implemented using Groupkit (Roseman and Greenberg, 1992) and Tcl/Tk.
The interfaces logged all user actions, including the number of moves per trial, the latencies between moves, which user made each move (in the groupware condition), the total time per trial, and a history of moves made. All experiments were recorded on video.
Data Analaysis
The experiment was designed as a three-factor mixed analysis of variance for factors training condition, gender, and phase. Training condition was a between-subjects factor with three levels: solo, contention and groupware. Gender was a two-level between-subjects factor. Phase was a within-subjects factor with two levels: training and testing. This analysis was repeated for three dependent variables: total moves per solution, total time to solution, and latency between moves. Each of these dependent variables provides slightly differing perspectives on the nature of the subjects' interaction with the interface and learning. As subjects' knowledge of the puzzle increases, it is reasonable to suspect that the total number of moves will decrease, and that the total solution time will decrease. High values for inter-move latency would indicate that the subject(s) were spending long periods in thought.
RESULTS
All but two children were able to complete the ten trials within the maximum time allowed (one hour for the entire session). One was a female in the solo condition, and the other was a male in the contention condition. Their data were discarded. The remaining forty-eight students succeeded in solving the puzzle relatively rapidly. Across all 480 trials, the mean time to solve each puzzle was 201 seconds (σ 192) with a mean move-count of 186 (σ 160). The minimum time to solve the puzzle was 14.9 seconds using 21 moves by a male subject trained in the groupware condition in trial number eight. The maximum time to solve the puzzle was 1469 seconds using 1129 moves by a male subject trained in the solo condition in the first trial.
2 Gnibbles is part of the standard gnome-games package in the Debian GNU/Linux Potato distribution. In essence, this effect reveals that the subjects successfully learned the puzzle as demonstrated by improved performance. Figure 4 shows the drop in the mean time to complete the puzzle across the ten trials.
Learning as a factor of training condition
The main effects for the training condition were not significant for any of the three measures. The mean solution time for the solo, contention and groupware conditions were 194 (σ 95), 200 (σ 82), and 207 (σ 134) seconds (F(2,42)=0.114, p=.89). This is unsurprising given that the sampled data includes the highly variable performance of the subjects during their initial learning trials.
There is a marginally significant interaction between training configuration and phase (training or testing) for the move-count dependent variable: F(2,42)=2.89, p=.067. This interaction is revealed in Figure 5 . The solo subjects took slightly more moves to complete the puzzle in the testing phase than the training phase (increasing from 180 to 185). The subjects in the two collaborative training conditions (contention and groupware), however, showed a relatively dramatic improvement from training to testing. This marginal interaction is not apparent for the completion time dependent variable (F(2,42)=1.25, p=.30), and must therefore be considered suspect.
There is a potential flaw in assuming that the marginal move-count/phase interaction reveals that collaboration supported improved learning. Although this is one possible interpretation, an alternative interpretation is that collaboration slowed the students' solutions during training. A more meaningful analysis of the impact of training configuration on learning, therefore, is to compare the performance of the subjects in only the testing phase (when all subjects solved the puzzle on their own). This analysis shows that subjects who were trained in the solo, contention, and groupware conditions took 177 (σ 95), 165 (σ 67), and 157 (σ 84) seconds to complete the puzzle, with similar decreases in the number of moves across the three training conditions. Despite the consistent reductions in solution time and move count through the three training conditions, the differences between these means are not reliable: for example, for completion time, F(2,42)=0.252, p=.78.
Scrutinizing the subjects' performance during the training phase, we see that the mean times to complete the puzzle and the mean number of moves increased through the three training conditions. The mean task completion times for solo, contention and groupware participants were 211 (σ 105), 236 (σ 81) and 258 (σ 157) seconds. The mean move To summarise the impact of the three different training conditions on learning, when tested the subjects trained in the collaboration conditions took fewer moves and solved the problems more quickly (on average), but this is not a reliable observation. However, during training, the collaboration subjects took more time and more moves to solve the puzzle (on average) than the solo subjects did, but again this is not a reliable observation. Figure 5 summarises the mean number of moves taken to solve the puzzle in the training and testing phase as a factor of training condition.
Learning as a factor of gender
Male particpants solved the puzzle more quickly (186 seconds, σ=78) and used fewer moves (182 moves, σ=76) on average than female subjects (216 seconds, σ=125 and 190 moves, σ=86). These differences, however, are not significant: completion time, F(1,42)=1.75, p=.19; move-count, F(1,42)=.23, p=.63.
There is no interaction between gender and phase, revealing no difference in the rates of learning for the males and females across all training conditions: completion time, F(1,42)=.74, p=.4; move-count, F(1,42)=.51, p=.48.
Interestingly, however, there is a marginal interaction between the training condition and gender for the time to complete the puzzle: F(2,42)=2.45, p=.096). From our observations of the subjects, it appeared that female pairs were more reticent than boys during collaborative training sessions, and it appears that this observation affected their performance with the puzzle during training.
To scrutinise this effect, we analysed the training phase data for two factors, gender and collaboration. We pooled the data for the contention and groupware training conditons into one level to create a collaboration factor with two levels: solo and collaborative.
This analysis reveals significant interactions between gender and collaboration for both time to complete the puzzle and number of moves: completion time F(1,44)=4.00, p=.052; move-count F(1,44)=4.32, p<.05. Figure 6 clearly shows the interaction for move-count: during training, collaboration appears to help boys, but hinder girls.
Summarising the results of our analysis of gender, girls took slightly longer than boys to complete the puzzle (on average, but not significant), but roughly the same number of moves. However, girls seemed to perform particularly poorly when being trained using a collaborative system. The girls' poor performance during training did not appear to influence their learning the puzzle. 
DISCUSSION AND RELATED WORK
In discussing the results, it is important to review two areas of closely related work.
Interface Cost
Our experimental method is similar to that described by O'Hara and Payne (1998) who wished to understand the impact of 'interface cost' on learning to solve problems. It is commonly assumed in interface design that 'low-cost' direct-manipulation interfaces that provide rapid feedback and direct interaction with the interface components are superior to 'high-cost' interfaces, such as command line interfaces or interfaces with slow response characteristics. O'Hara and Payne's study compared adult's learning of the eight-puzzle across two training conditions: a high-cost interface using a command-line interface, and a low-cost direct manipulation interface with rapid feedback. Having completed five training trials using the training interface, all subjects completed a further five trials using the lowcost direct manipulation interface.
O'Hara and Payne's results showed that during training, the high-cost interface users took significantly longer to solve the puzzle than the low-cost users, but that they needed significantly fewer moves to do so. Once using the low-cost interface in the testing condition, the subjects who had trained using the high-cost interface solved the task in significantly less time and using significantly fewer moves than those trained with the low-cost interface. Essentially, this result shows that adding an element of cost to training promotes planning, whereas low-cost interfaces do not. Gilmore (1988) and Svendsen (1991) have made similar observations using different domains for their analyses including air traffic control and the Towers of Hanoi problem. The promotion of planning in highcost interfaces yields improved understanding of problems. Prior to conducting our experiment, we had postulated that training in the collaborative condition would promote planning in a manner analogous to the high-cost interfaces in O'Hara and Payne's study. There is, however, only weak evidence that this occurred in our experiment. Both of the collaborative training conditions yielded lower means than the solo condition for task completion time and for move-count, but these differences are far from statistical significance. Furthermore, as explained in the results, the significant interaction between training condition and phase (testing versus training) appears to be due to the slow performance of the collaborative participants during training, rather than to their rapid performance during testing. Elshout's (1992) survey of twenty-two research projects indicates that collaboration neither helps nor hinders learning. There is, however, evidence that collaboration positively affects task performance (Inkpen et al., 1995; Johnson et al., 1981; Hymel et al., 1993) .
Collaboration
In general, there is a surprising lack of formal studies into the impact of computer supported collaboration on learning. We know that people using computer supported collaboration do learn (Inkpen, et al. 1997 ), but we do not know how well they learn compared with people who learn alone. Inkpen et al.'s (1997) study examines turn taking protocols. One of their results indicates that the amount of time spent in control of the mouse is a good measure of learning success for males. Intuitively, this result suggests that males learn more when using an interface where both users control the mouse all of the time. There should be no difference for female participants. Although our data does not reliably confirm this result, it appears to support it. 
CONCLUSIONS
Despite the high levels of interest in Computer Supported Collaborative Learning (CSCL), there has been little empirical analysis of the learning benefits that collaboration offers over single user alternatives. The experiment described in this paper compares the learning outcomes of training to solve a simple puzzle in three different modes of CSCL. In the first 'solo' condition, individuals learned how to solve the puzzle on their own. In the second 'contention' condition single-sex pairs of children shared access to one computer running the 'solo' puzzle. In the third 'groupware' condition, single-sex pairs of children each used their own computer to access a synchronous WYSIWIS (What You See Is What I See) groupware puzzle, allowing them to simultaneously interact with precisely the same puzzle. Having completed five training solutions to the puzzle in one of these CSCL modes, all of the subjects entered a testing phase in which they solved the puzzle a further five times on their own.
Results show that the children successfully learnt the puzzle. The three training configurations did not yield significant differences in the children's performance during testing, although the mean task completion times were lower for those that trained collaboratively. Girls in the collaborative training conditions took longer and more moves to solve the puzzle during training than those in the solo condition, but this had no obvious impact on their ability to solve the problem during testing.
In essence, our results lend further support to prior studies indicating that collaboration neither hinders nor helps learning.
There are several clear limitations in our study. We examined one small puzzle, and it is unclear how observations of learning in a small bounded puzzle transfers to larger unbound learning tasks. Our metrics for 'learning' are crude measures of task performance, and there may have been important learning factors that we failed to measure: for example, development of social skills, and practice at negotiation and compromise. Despite these limitations, we believe it important to establish concrete empirical foundations that attempt to characterise and clarify the relative merits of different modes of CSCL, even within restricted domains such as the one explored in this study. We will continue to broaden our investigation in further work.
